T
he nuclear factor B (NF-B) family of eukaryotic transcription factors regulate Ͼ150 target genes, which are involved in a wide variety of cellular functions (1) . Numerous signals, such as inflammatory cytokines, growth factors, and some bacterial and viral products, activate NF-B (2). NF-B-regulated gene products regulate stress and immune responses and cellular differentiation and proliferation (1) (2) (3) (4) . Aberrant NF-B regulation is observed in many diseases, including heart disease, Alzheimer's disease, diabetes, AIDS, and many types of cancer (5, 6) .
The canonical form of NF-B is a p50⅐p65 heterodimer, but the NF-B family includes five different subunits (p50, p52, p65/RelA, RelB, and cRel) (2) . Inhibitor proteins, IB␣, -␤, and -, regulate NF-B transcriptional activity (7) . In resting cells, IB binding masks the NF-B nuclear localization sequence (NLS), sequestering the complex in the cytosol (8, 9) . Signals from many classes of stimuli activate IB kinases (IKKs), which phosphorylate the NF-B-bound IB, thereby causing ubiquitination and proteasomal degradation of the IB (10) (11) (12) (13) (14) (15) . The resulting free NF-B translocates to the nucleus, via its exposed NLS, binds to DNA, and activates transcription of target genes (1) . NF-B activates the transcription of IB␣ (16) (17) (18) (19) . Newly synthesized IB␣ enters the nucleus, binds to NF-B, and prevents it from binding DNA (20) . The NF-B⅐IB␣ complex is exported to the cytosol via the IB␣ nuclear export sequence, returning the cell to the resting state. Studies in IB␤ Ϫ/Ϫ , IB Ϫ/Ϫ cells show an oscillatory NF-B response, due to rapid activation of NF-B transcriptional activity by signal-induced IB␣ degradation and strong negative feedback by NF-Binduced IB␣ production (21) .
The structure of IB␣ is known only in complex with NF-B. The NF-B-binding domain of IB␣ has six ankyrin repeats (ARs) (20, 22) , an Ϸ33-aa structural motif, composed of a ␤-hairpin, followed by two antiparallel ␣-helices, and a variable loop ( Fig. 1) (23, 24) . IB␣ and NF-B form an extensive noncontiguous binding surface (20, 22) . IB␣ ARs 1-3 contact the NF-B (p65) NLS and its flanking helices. The ␤-hairpins in IB␣ ARs 3-6 contact the NF-B dimerization domains, and AR 6 and the C-terminal PEST sequence of IB␣ contact the dimerization domain and the N-terminal domain of p65 (20) . The human genome contains hundreds of AR proteins that generally mediate protein-protein interactions (25) .
Amide H/ 2 H exchange followed by mass spectrometry is a powerful tool for studying protein-protein interactions. Amide H/ 2 H exchange probes the solvent accessibility of amide protons. Exchange half-lives vary from milliseconds for amides in unstructured peptides to days for amides in cores of globular proteins (26) . Decreased solvent accessibility may result from amide proton hydrogen bonds or from solvent exclusion due to side-chain interactions (27) . Protein dynamics can transiently expose regions for exchange. Generally, all of these factors determine the exchange rate, making mechanistic interpretations difficult. Mass spectrometry can detect even the rapidly exchanging amide protons on the surfaces of proteins (28, 29) , which enables the identification of changes in solvent accessibility upon protein-protein binding (30, 31) .
A number of proteins involved in transcriptional activation (32, 33) and cell-cycle regulation (34) are intrinsically unstructured, but fold upon binding to their targets. In the crystal structure of the IB␣⅐NF-B complex (Fig. 1 ), IB␣ appears to be compactly folded (20, 22) . However, ARs 1, 5, and 6 in free IB␣ readily exchange most of their amide protons, indicating that they are highly solvent accessible and perhaps unfolded (35) . Circular dichroism (CD) showed that all of the secondary structure was present in both free and NF-B-bound IB␣ (35) . However, CD does not probe tertiary structure or protein flexibility, both of which are probed by amide H/ 2 H exchange. Binding of 8-anilino-1-naphthalenesulfonic acid (ANS) suggested that IB␣ may have highly dynamic, molten-globule-like regions, even in the NF-B-bound state (35) .
In this study, we use amide H/ 2 H exchange to compare the solvent accessibility of free and NF-B-bound IB␣ in solution.
We find that the ␤-hairpins in ARs 5 and 6 fold upon binding to NF-B. Because these regions are implicated in various aspects of NF-B regulation, we conclude that IB␣ conformational flexibility is a critical attribute for its regulation of NF-B transcriptional activity.
Results
Amide H/ 2 H Exchange in IB␣. Amide H/ 2 H exchange in free IB␣ was measured previously for IB␣ (35) . Here, we report exchange in IB␣ 67-287 , which is less prone to aggregation but binds to NF-B with equal affinity and kinetics (36) . Pepsin digestion of IB␣ 67-287 yields 25 peptides that cover 74% of the IB␣ sequence (Fig. 2a) . Pepsin cleavage of IB␣ results in peptides with the same secondary structure in different repeats. In this study, the ␤-hairpins in all six ARs are covered, enabling comparison among the different repeats in this region. The ␤-hairpins of some ARs readily exchange amide protons for deuterons (Fig. 2b) , whereas others are less solvent accessible (Fig. 2c) . The ␤-hairpins in ARs 2-4 are only slightly deuterated, whereas those in ARs 1, 5, and 6 readily exchange most of their amide protons ( Fig. 3 and Table 1 ). The ␣-helices in both ARs 1 and 4 incorporate an intermediate amount of deuterium; however, the ␣-helices in AR 6 exchange nearly all of their amide protons within 2 min (Fig. 4 and Table 1 ). The variable loops, covered in ARs 1 and 3, are both highly deuterated (Table 1) . Overall, ARs 1, 5, and 6 appear to be highly solvent accessible, whereas ARs 2-4 are more protected from solvent. (37) demonstrated the utility of immobilizing a protein to facilitate analysis of protein-protein interactions by using amide H/ 2 H exchange followed by mass spectrometry. Our experiments used an immobilized version of NF-B in which the p65 subunit was covalently linked to beads, allowing removal of NF-B during the quench step, which reduces spectral complexity from overlapping peptides. The extent of amide H/ 2 H exchange after 2 min in IB␣ was the same in the presence and absence of beads (data not shown), indicating that any changes observed are due to NF-B binding.
The ␤-hairpins in ARs 5 and 6 incorporated remarkably less deuterium in the NF-B-bound IB␣, whereas incorporation into the AR 1-4 ␤-hairpins varied only slightly (Figs. 3 and 5 and Table 1 ). The ␤-hairpin in AR 5 incorporates Ϸ10 fewer deuterons, and the ␤-hairpin in AR 6 incorporates Ϸ11 fewer deuterons after 2 min of exchange when IB␣ is bound to NF-B (Table 1 ). Although the peptide that covers the ␤-hairpin in AR 5 also covers part of the variable loop of AR 4, analysis of an overlapping peptide suggests that the differences in the deuteration in the AR 4/5 peptides are due to the ␤-hairpin region (data not shown). The ␤-hairpin in AR 1 readily exchanges most of its amide protons in both free and NF-B-bound IB␣, but the ␤-hairpins in ARs 2-6 exchange only a few amide protons when IB␣ is bound to NF-B.
Only small changes in deuteration were observed between free and NF-B-bound IB␣ in all of the ␣-helices and variable loops that are covered (Figs. 4 and 5 and Table 1 ). The deuteration of the ␣-helices in AR 1 was not quantified because of an overlap with a p50 peptide; however, a qualitative analysis of the raw data shows slightly less deuterium incorporation when IB␣ is bound to NF-B (data not shown). All of AR 1 remains highly solvent accessible in NF-B-bound IB␣. The ␣-helices in AR 6 still readily exchange most of their amide protons when IB␣ is bound to NF-B, despite the dramatically reduced exchange in the AR 6 ␤-hairpin upon binding to NF-B.
Correlation of Amide H/ 2 H Exchange with Solvent-Accessible Surface
Area (SASA). Amide H/ 2 H exchange is sensitive to changes in protein conformation, protein flexibility, and protection at the binding interface. Separating the contributions from these different factors poses a major challenge for interpretation of amide H/ 2 H exchange results. However, if the structure of the complex is available, it is possible to account for the structural and binding interface contributions to the exchange data by comparing the SASA calculated from the crystal structure with the amide H/ 2 H exchange data (27) . If the data are well correlated, then the differences in the extent of exchange between different peptides most likely result from structural differences in the regions covered by each peptic peptide. However, if the extent of exchange for a region of the protein is uncorrelated, then either the structure or the flexibility of that region must differ in solution from the crystal structure.
The SASA of IB␣ in the IB␣⅐NF-B complex was calculated from the available crystal structure (22) and compared with the extent of amide H/ 2 H exchange at 2 min. The extent of exchange is highly correlated with the SASA (correlation coefficient 0.95) for all covered regions in NF-B-bound IB␣ (Fig. 6a) . Because no ordered density was observed for the N-terminal residues 66-69 in the crystal structure, but a peptide (MH ϩ ϭ 1,761.85) covering residues 66-80 was analyzed, the amide protons for residues 66-69 were assumed to exchange completely and subtracted from the number of amides exchanged at 2 min.
Removal of the NF-B coordinates from the IB␣⅐NF-B structure (22) provides a model structure for free IB␣, which assumes that no conformational changes occur upon binding to NF-B. Comparison of amide H/ 2 H exchange in free IB␣ with the SASA from this structural model will indicate whether IB␣ adopts similar conformations in the free and NF-B-bound states. The extent of amide H/ 2 H exchange at 2 min in free IB␣ is highly correlated with the SASA for all regions of IB␣ ( Fig.  6b circles, correlation coefficient 0.94) except for the peptides that cover the ␤-hairpins in ARs 5 and 6 (Fig. 6b, squares) . These two ␤-hairpins exchange much more at 2 min than predicted by the SASA of these regions.
Discussion
IB␣ tightly regulates the transcriptional activity of NF-B by binding NF-B and sequestering it in the cytosol of resting cells (38) . Elucidating changes in dynamics associated with the regulatory functions of IB␣ provides critical mechanistic insight into this intricate signaling network. Here we have shown that regions of IB␣ fold upon binding to NF-B. These regions are involved in various aspects of NF-B regulation, such as controlling degradation of IB␣, enabling high-affinity interaction with multiple NF-B isoforms, and preventing NF-B from binding to its target DNA.
The IB␣ ARs 5 and 6 ␤-Hairpins Fold upon Binding to NF-B. The extent of exchange in NF-B-bound IB␣ is highly correlated with the SASA, indicating that IB␣ is folded when bound to NF-B (Fig. 6a) . Some regions of IB␣, such as the ␤-hairpins in ARs 1 and 4, exchange less in the bound state, and SASA calculations account for these decreases in exchange due to interface protection. All of AR 1 and the ␣-helices in AR 6 are solvent accessible in both free and NF-B-bound IB␣. Their SASA from the IB␣⅐NF-B crystal structure is correspondingly high. In free IB␣, the ␤-hairpins in ARs 5 and 6 exchange nearly all of their amide protons (Ϸ83% and Ϸ100%, respectively) and they exchange much more than expected from the SASA calculated for the IB␣ from the IB␣⅐NF-B crystal structure (Fig.  6b) . However, their exchange in NF-B-bound IB␣ is comparable to the low extent in the ␤-hairpins in ARs 2-4 ( Fig. 5) and is well correlated with their SASA, showing that they are folded when bound to NF-B. Thus, the AR 5 and 6 ␤-hairpins are highly dynamic in free IB␣ and fold upon binding to NF-B. Indeed, IB␣ equilibrium unfolding showed that ARs 5 and 6 are not part of the cooperative transition (50) . Additionally, thermodynamic analysis revealed an unexpectedly large negative change in heat capacity for IB␣⅐NF-B binding, indicative of the burial of additional nonpolar surface area upon binding (36) . This burial can now be attributed, at least in part, to the folding of the ␤-hairpins in ARs 5 and 6 in IB␣ upon binding to NF-B. (Fig. 1) , which contributes one-third of the binding energy of the entire complex, is the primary determinant of the slow dissociation rate resulting in persistent NF-B binding (36) . AR 1 remained highly solvent accessible even in the complex. In accord with the expected interface protection, the solvent accessibility of the ␤-hairpin in AR 1 decreases only slightly upon NF-B-binding. These results provide mechanistic insight into how release of NF-B in response to signal is readily accomplished by proteasomal cleavage to unlock this critical interaction for rapid NF-B activation (10-15). (22) . Interacting residues are shown with ball-and-stick representation. Error bars and the y axis maximum are as in Fig. 3 , except for c, which has only 15 amide protons. Free IB␣ ARs 5 and 6 Are Not Compactly Folded. While the signal-dependent degradation of IB␣ is required for release of NF-B (10-15), a signal-independent proteasomal degradation pathway is the main route of degradation for free IB␣ (38) (39) (40) . IB␣ degradation by 20S proteasomes is suppressed by deletion of AR 6 (41). The unfolded region required for 20S proteasome recognition is most likely AR 6, which we show is only weakly folded. Furthermore, 20S proteasome degradation is inhibited by IB␣⅐NF-B binding, in which AR 6 is folded (41) . Thus, NF-B binding is the switch between the two different degradation mechanisms, which is mediated by the folding and binding of the AR 6 ␤-hairpin.
AR1 Remains Highly Accessible in NF-B-Bound IB␣. The AR 1-NF-B NLS helix 4 interaction

The Folding of AR 5 and 6 ␤-Hairpins upon Binding to NF-B May
Enable IB␣ Binding to Different NF-B Dimers. The p50/p65 and p65/p565 NF-B dimers have different gene specificities, yet IB␣ binds both with similar affinity (36) . Comparison of the IB␣⅐p50/p65 and IB␤⅐p65/p65 structures suggests that IB␣ ARs 5 and 6 must engage in significantly different interactions in the two complexes [supporting information (SI) Fig. 7 ], indicating that flexibility is critical for the AR 5 and 6 ␤-hairpins' ability to bind multiple targets.
Proposed Mechanism for Postinduction Gene Repression by IB␣.
DNA and IB␣ binding to DNA are mutually exclusive, because IB␣ AR 6 and PEST interact with NF-B and occlude one entire face of the NF-B DNA-binding surface (20) . The postinduction gene repression by newly synthesized IB␣ (21) could result from a transient ternary complex with NF-B bound to DNA in which IB␣ facilitates dissociation of NF-B from DNA, as suggested previously (19, 42) . This mechanism may require the folding upon binding of the AR 5 and 6 ␤-hairpins. Overall, folding upon binding is implicated in multiple aspects of NF-B regulation, such as modulating IB␣ degradation, mediating IB␣ binding to different NF-B dimers, and potentially facilitating dissociation of NF-B from DNA.
Materials and Methods
Protein Expression and Purification. Human IB␣ 67-287 was expressed in Escherichia coli BL21 DE3 (43) and purified as described in refs. 35 248 -350 were expressed in E. coli BL21 DE3 (43) and purified as described in ref. 36 , except sizeexclusion chromatography was performed in 10 mM Mops/150 mM NaCl/0.5 mM EDTA (pH 7.5), with 1 mM dithiothreitol (DTT) for p50. Protein concentrations were determined spectrophotometrically at 280 nm, as described in ref. 36 .
NF-B Heterodimer Formation and Immobilization. Purified p65 (1 mg/ml) was biotinylated by a 1-h incubation at 25°C with a 5-fold molar excess of maleimide-PEO 2 biotin (Pierce Biotechnology, Rockford, IL). Resulting soluble, monomeric protein was purified by size-exclusion chromatography on a Superdex 75 16/60 column (GE Healthcare, Piscataway, NJ) equilibrated in 10 mM Mops/150 mM NaCl/0.5 mM EDTA/1 mM DTT (pH 7.5). There are three Cys residues and an engineered N-terminal Cys in p65, but mass spectrometry showed incorporation of only 1 biotin (QSTAR XL hybrid quadrupole time-of-flight mass spectrometer; Applied Biosystems, Foster City, CA). Heterodimer (p50/ p65) was prepared by incubating p65 with a 1.2-fold molar excess of purified p50 for 2 h at 25°C. Serial additions of 50-l aliquots of streptavidin agarose (Pierce Biotechnology), each incubated for Ϸ25 min at 25°C, were continued until the concentration of the p50/p65 supernatant, followed spectrophotometrically, remained stable. Aliquots that bound significant quantities of NF-B were pooled, and unbound protein was removed by washing thrice with 10 mM Mops/150 mM NaCl/0.5 mM EDTA/1 mM DTT (pH 7.5). The beads were washed thrice more with 50 mM Tris/150 mM NaCl/1 mM DTT (pH 7.5) just before interaction with IB␣. Immobilized NF-B was stored at 4°C and used within 2 days. The amount of immobilized NF-B was estimated from the difference between the starting concentration of NF-B and that of the supernatant after the last addition of beads, and, therefore, represents an upper limit for the concentration. Biotinylated p65 190 -321 ⅐p50 248 -350 was characterized previously, and it binds to IB␣ with a K d of 90 pM (36) .
IB␣ Peptide Identification. IB␣ was digested with pepsin as described in ref. 35 , and the resulting peptides were identified by using MALDI tandem mass spectrometry (MS/MS) on a Q-STAR XL hybrid quadrupole time-of-flight mass spectrometer equipped with an orthogonal MALDI source (Applied Biosystems) or a 4800 tandem time-of-flight MALDI mass spectrometer (Applied Biosystems).
Free IB␣ Amide H/ 2 H Exchange. The exchange reaction for the free IB␣ protein was initiated by diluting 130 M IB␣, in 50 mM Tris/150 mM NaCl/1 mM DTT (pH 7.5), 10-fold into 2 H 2 O. The reaction proceeded for 0, 0.5, 1, 2, or 5 min at 25°C, and then the reaction was quenched by 6-fold dilution with 0.1% trifluoroacetic acid at 0°C (sample pH ϭ 2.2). The reaction was immediately transferred to 25 l of immobilized pepsin (Pierce Biotechnology) and digested for 1 or 5 min. Aliquots (10 l) of each digestion were immediately frozen in liquid N 2 and stored at Ϫ80°C until analysis. Control reactions of IB␣ with and without 20 l of biotin⅐streptavidin agarose were equilibrated in 50 mM Tris/150 mM NaCl/1 mM DTT (pH 7.5) and exchanged for 2 min, as described above. All exchange reactions were performed in triplicate.
IB␣⅐NF-B Amide H/ 2 H Exchange. Immobilized NF-B was incubated with Ն1.1-fold molar excess of IB␣ for Ͼ1 h at 4°C. Unbound IB␣ was removed by washing five times with 50 mM Tris/150 mM NaCl/1 mM DTT (pH 7.5). The exchange reaction was initiated by diluting 20 l of IB␣⅐NF-B beads 10-fold with 2 H 2 O; it proceeded for 0, 0.5, 1, 2, or 5 min at 25°C and then was quenched by 6-fold dilution with 0.1% trifluoroacetic acid at 0°C (sample pH ϭ 2.2), which also eluted the IB␣ and some of the p50 from the immobilized NF-B. The quenched supernatant was transferred to 25 l of immobilized pepsin for digestion, and aliquots were frozen and stored, as described above for free IB␣. Exchange reactions were performed in triplicate.
MALDI Mass Spectrometry. Samples were analyzed by MALDI mass spectrometry using a Voyager DE-STR mass spectrometer (Applied Biosystems) as described in ref. 31 , except the matrix was 4.5 mg/ml and pH 2.2. To minimize back exchange, each sample was analyzed individually. The identities of deuterated peptide mass envelopes were verified by comparing MALDI MS/MS data collected on the most abundant peak of the mass envelope in samples deuterated for 5 min with data from a fully protonated sample (4800 tandem time-of-flight MALDI mass spectrometer; Applied Biosystems).
IB␣ spectra were analyzed, as described in ref. 44 , to determine the average number of deuterons incorporated into each peptic peptide. Side-chain and termini contributions due to residual deuterium (7.5%) were subtracted from the total number of deuterons incorporated, and only the backbone deuteration of each peptide is reported. Data were corrected for back-exchange loss of deuterons during analysis, as described in refs. 31 and 45, using the peptide of MH ϩ ϭ 1,374.77 after exchange for Ͼ24 h as a reference. Back exchange was 38% for both 1-min and 5-min digestions. Kinetic plots were fit to a two-parameter exponential by using KaleidaGraph version 3.6 (Synergy Software, Reading, PA). were created by copying the relevant coordinates from the crystal structure of IB␣⅐NF-B, and calculations were performed separately for each copy in Protein Data Bank ID 1NFI (22) . SASA calculations were performed by using Getarea (version 1.1) (46), using a radius of 1.4 Å and default atomic radii and atomic solvent parameters. The extent of exchange was compared with the total SASA because these parameters show the best correlation (27) . Because the IB␣⅐NF-B crystal structure shows no ordered electron density before residue 70, we assumed that the amide protons before residue 70 were fully exchanged at 2 min. Therefore, 3 deuterons were subtracted, because exchange in the N-terminal residue is already subtracted (see above), from the extent of exchange for the peptide covering residues 66-80 to generate a corrected exchange for residues 70-80 that could be compared with the SASA for those residues.
Figures were prepared by using PyMOL version 0.97 (47) .
